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Mineral paragenesisin a talc-water experimentalhydrothermal system
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Abstract
Gel having a Mg:Si ratio identicalto that of talc (3:4) was treatedhydrothermallyat six
temperaturesbetween300' c and 550' C and I kbar for timesof7, 30, 50, 120and 200days
in order to identify reaction trends. Talc crystallized first at all temperatures. It then
reacted to form stevensiteat temperaturesbetween 300'C and 450'c. At 400'C and
450'C, stevensitecontinuedto react to form a perfectly ordered mixed-layerstevensite/
chlorite (corrensiteJike structure). At 500" C and 550' C the initially formed talc improved
in crystallinity with time and showed no further reactions. Natural talc starting material
showed trends similar to that of the gels, reacting to form stevensiteat 350' C in a 30-day
run. The reaction trends suggestthat stevensiteand/or the corrensite-likephase are the
stable minerals at 450'C and below in systemswith chemistry similar to that of these
experiments.

Introduction
Talc frequently occurs in magnesium-richmetamorphic rocks and in hydrothermally altered ultramafic rocks. Previous hydrothermal experiments
have supported the observations made on rocks
that talc is stableat high temperatures,but that its
stabilityat low temperaturesis uncertain.Although
it is not abundantin sediments,authigenictalc has
beenidentifiedin evaporites(Dreizler, 1962;Langbein, 1961;Raymond, 1962;Stewart, 1949)and in
unmetamorphosedcarbonates (Millot and Palausi,
1959).
In previous hydrothermal experiments,talc has
been synthesizedat temperaturesabove 490'C by
Bowen and Tuttle (1949),Greenwood(1963),Kitahzra et al. (1966),Pistorius (1963), Schreyer and
Seifert (1969), and Yoder (1952). Johannes (1969)
attempted to determine the low-temperature stability limit of talc in a CO2-bearingsystem but was
unable to produce talc below 320' C after 320 days.
Bricker et al. (1973)sought to determine whether
talc is stableat low temperaturesusing dissolution
experiments.They derived the Gibbs free energyof
talc at 25" C, but their calculationswere disputed by
Hemley et al. (1977a).Hemley et al. (1977a,1977b)
studiedthe solubility of talc at elevatedpressures
and suggestedthat "Mg-montmorillonite" (stevensite?)may be the low-temperature stable equivalent
of talc, althoughthey do not report finding such a
mineral in their run products.
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Stevensite(Mg3-^SiaOro(OH)z.nHzO)
is a member of the smectitegroup of clay minerals.It has a
chemical composition similar to that of talc
(MgrSi+Oro(OH)z),differing from talc primarily in
water content (Brindley et al., 1977).Like other
smectites,stevensitehas a negative layer charge
and expands in the presence of ethylene glycol.
Unlike other smectites.however. stevensitederives
its layer charge from octahedral vacancies rather
than from isomorphoussubstitutions.
Stevensitehas been synthesizedat low temperatures by Caillereet al. (1963),Roy and Roy (1955),
Streseand Hofmann (1941),and Bowen and Tuttle
(1949).The stevensitefrom the latter work was
identified by Faust et al. (1959). In each study,
stevensitewas synthesizedat relatively low temperatures,and its synthesiswas incidental to the
objectives of the investigations. No systematic
study of stevensitesynthesishas beenpursued,and
its geneticrelationshipto talc is not understood.
Natural stevensiteis uncommon, but has been
identifiedas an alterationproduct of basalt (Leeds,
1873;Brindley,
1955;Brindley
et al.,1977;Faustel
al., 1953,1959)and in desertplaya deposits(Bradley and Fahey, 1962;Tettenhorstand Moore, 1978;
Khoury, 1978).Stevensiteoccurring with talc has
been reported by DeRudder and Beck (1963)and
Imai et al. (1970),who describe both minerals in
hydrothermalveins cutting wollastonite-richrocks.
The progressivemagnesiummetasomatismof wollastonite produced a zoned vein in which talc occu-
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pied the most intensely altered central portion,
whereas stevensite was found in the peripheral
portion.
In addition to stevensite and talc, a perfectly
ordered mixedJayer stevensite/chloritewas produced in our experiments.It is similar in structure
to the mineral corrensite,which has been variously
definedas a trioctahedral,perfectly orderedmixedlayer chlorite/swelling chlorite, chlorite/smectite
and chlorite/vermiculite(Bailey, 1975).The chlorite/smectitephase was synthesizedin aluminumbearing systems between 445' C and 465'C by
Velde (1973),and between 400" C and 600"C by
Wyart and Sabatier(1966).Natural corrensitesare
common in magnesium-richsaline or hypersaline
environments(Bodine, 1978; Earley et al., 1956;
EarleyandMilne, 1956;Fournier,1961;Grim et al.,
1960;Kopp and Fallis, 1974;Kubler, 1973;Lippmann, 1956),or in hydrothermal veins (Blatter et
al., 1973;April, 1980).

Results
After 7 days the gel had crystallized to talc at all
temperatures.This talc then continued to react as
run times increased.In the 300' C and 350"C runs,
the talc degradedwith increasingtime, as shownby
the diminution and broadeningof its X-ray peaks,
while stevensiteappearedand increasedin abundance (Fig. 1). The width at half-height of the
diffractionpeak near 9.4A was usedto calculatethe
thickness (imperfection free distance) of the talc
crystallites by using the Scherrer equation (Klug
and Alexander, 1974,p. 687). The results of this
calculation(Fig. 2) indicatethat the talc crystallites
undergoa dramaticdecreasein sizealongthe c-axis
with increasingtime, at least through 120days. The
apparentsmall increasein crystallite size between
120 and 200 days may be real. If so, it is not
understood.Although changein crystallite sizewas
not plottedfor stevensite,it is apparentfrom Figure
I that it increaseswith increasingtime.

Experimental methods
The starting material was either amorphous gel,
prepared by the method of Hamilton and Henderson (1968),or powdered natural talc from Fowler,
New York (Ward's Natural Science Establishment).The gel had a Mg:Si ratio of 3:4, identicalto
that of talc. Each mn was prepared by introducing
30 mg of the gel or talc into a gold tube (2.54 mm
LD., 3.05 mm O.D.) containing30 g.l of triply
distilled, deionizedwater. The capsulewas welded
shut and weighed before and after treatment. The
sampleswere placedin calibratedrod-type reaction
vesselsand heatedin resistancefurnaces.Temperatures were maintained within -f 5" C of the reported
temperatureby on-off controllers.
Gels were treated at 300"C, 350oC, 400"C,
450'C,500"C and 550' Cfor7,30,50, 120and 200
days. The natural talc was treated at the above
temperatures, but for run times of 7 and 30 days
only. The pressurewas held constantat 1 kbar for
all runs.
The solid run products were gently disaggregated
in a mortar and pestle, and pipetted onto glass
slides.The oriented sampleswere examinedby Xray diffraction using Ni-filtered copper Ko radiation. Sampleswere X-rayed after air-drying, after
exposureto ethyleneglycol, and after various heat
treatments. X-ray diffraction patterns of some of
the mixed-layer minerals were calculated using a
modified version of the computer program of Reynolds and Hower (1970).
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Fig. l. X-ray diffractograms of run products formed frorn the
gel treated hydrothermally at 350'C for the times shown. All
samples are oriented and glycolated. T : talc, STV = stevensite,
CRIS : cristobalite.
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Fig. 2. The change in crystallite (domain) size of talc as a
function oftime at 350" C, calculatedusing the Scherrerequation
with measurements made of the X-ray peaks in Figure l
Crystallite dimensions are approximate and show only relative
changeswith time.

Becausethe nature of the starting material may
affect the course of the reactions, parallel runs were
madeusing natural talc as starting material. Stevensite also formed from natural talc at 350" C.
At 400'C the gel runs follow a reaction trend
from talc to stevensitein the short runs, but stevensite gives way to perfectly ordered mixed-layer
stevensite/chloritein the long runs. (Fie. 3). The
same reaction trend was seen at 450'C. but the
reaction proceeded more rapidly. The ordered stevensite/chlorite which occurred in the 200-day run
at 450'C is shown in Figure 4 after various treatments, along with a calculated diffraction pattern
for a glycolated sample. At 400" C and 450" C the
degradationoftalc is not nearly so pronouncedas at
lower temperatures,but still occurs. Mixed-layer
stevensite/chlorite,which forms at the expenseof
talc and stevensite, improves in crystallinity with
time.
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Fig. 3. X-ray diffractogramsof run products formed from the
gel at 400'C, showing the development of the ordered
stevensite/chlorite.Samples are oriented and glycolated. T =
talc, STV = stevensite. STV/CHL : mixedJayer stevensite/
chlorite, CRIS = cristobalite.
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Fig. 4. X-ray diffractograms of the perfectly ordered mixedlayer stevensite/chloritewhich formed from gel after 200 days at
450" C. The different X-ray patterns represent the same sample
after the treatments indicated. STV/CHL : mixedlaver
stevensite/chlorite,T : talc, CRIS : cristobalite.
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where ! indicatesa vacancy. If this type of layer
transformationproceededrandomly within a crystallite, the result would be a random mixed-layer
talclstevensite.Calculations of mixed-layer talc/
stevensitediffractogramsusing the computer program of Reynoldsand Hower (1970)reveal that the
formation of a mixed-layer intermediate phase
would cause a migration of the 9.4A talc peak
Discussion
towards8.54 as the proportion of stevensitelayers
The rapid growth of talc from the gel starting increased.No such migration is observedin these
materialis not unusual. Talc is easy to crystallize. experiments,suggestingthat a mixed-layerintermeFor example,Greenwood(1963)observedthat ox- diate phasewas not formed.
ide mixtures of talc composition had become 50
The diminution and broadeningof the talc X-ray
percent talc after only half an hour at 650" C, and diffraction peaks and the simultaneousgrowth and
Yoder (1952)found that talc not only crystallized sharpeningof the stevensitepeaks suggest,rather,
rapidly over a wide rangeof temperatures,but that that the talc dissolves while stevensitenucleates
it frequently crystallized outside its stability field and grows at its expense.A third possibility is that
and then reactedtoward stablephases.
the talc is converted to stevensite,layer by layer,
The disappearanceof talc with increasingtime but that the stevensitelayers form in contiguous
indicatesthat it is not stableat 300'C or 350' C in zones within crystallites rather than forming as
these experiments.The growth of stevensitesug- isolatedlayersscatteredthroughoutthe talc crystalgeststhat stevensitemay be the preferredphaseat lites. This mechanismwould produce the appearlow temperaturesin this closed system.
ance of the simultaneousgrowth of stevensiteand
As mentioned above, the perfectly ordered the diminutionof talc sincethe X-ray diffractometer
mixedJayer stevensite/chlorite synthesized at would "see" the zones as separatephases.Either
400'C and 450'C is similar to corrensite.The of the two latter mechanismswould produce the
chemistryof the experimentalsystemsuggeststhat observeddata.
Kerolite may form in some of the runs as an
the layer charge required for expansion of the
smectitelayers is derived from octahedral vacan- intermediatestagein the reaction of talc to stevencies becauseno other charge-buildingmechanisms site. Brindley et al. (1977) defined kerolite as a
are available.The 2:1 layer of the chlorite must be highly disorderedvariety of talc that exhibits slightheld to the interlayer hydroxide sheetby hydrogen ly enlargedbasal spacing which results from the
bonding alone, as electrostaticbonding would re- misfit of basal oxygens of adjacent layers. The
quire a net positive chargeon the hydroxide sheet, slightly enlargedbasal spacingfor some of the talc
and no known mechanism for building such a (Fig. 1) suggeststhat kerolite may be forming, but
chargeexistsin this chemicallysimplesystem.Bish no systematicrelationshipis evident.
The conversion of stevensite to the perfectly
and Giese (1981) have shown, using calculated
interlayerbondingenergies,that hydrogenbonding orderedmixed-layerstevensite/chloritein the longis sufficient to hold chlorite (Ib) layers together est runs at 400' C and 450' C requiresthat hydroxide sheetsbe precipitatedbetween alternatelayers
even in the absenceof electrostaticbonding.
The time-lapsenature of these experimentsper- of stevensite,thereby converting half of the layers
mits an examinationof reaction mechanisms.The to chlorite. This reaction requires that stevensite
reaction of talc to stevensite could theoretically possessa propensity for ordering, and requires a
proceedvia layer transformationor via dissolution change in solution chemistry to account for the
and reprecipitation. During transformation, talc lay- precipitation of hydroxide sheets. The change in
ers would be converted gradually into stevensite chemistry of the solutions must be monitored in
layers by the movement of some octahedral magne- order to understandthis problem more fully.
Becausethe reactionof stevensitelayers to chlosium into the interlayer position according to the
rite layers requires an increase in the interlayer
following idealizedreaction:
magnesiumpopulation, some of the stevensiteor
(Mg3)vISi4Oro(OH)z
* nH2O --->
talc layers must break down to provide the extra
(Mgz.zno3)vrsi4or0(oH)rt(Mg8.*r).nHzol magnesium.Such a reaction would releasesilica,
At 500' C and 550' C talc crystallizedinitially and
persistedthrough the longestruns, improving slightly
in crystallinity with time.
Additional phaseswhich occur in severalruns at
temperaturesof 450" C or lower are cristobalite,
and an unidentified mine-ralwhich gives a single
sharpX-ray peak at 3.48A.
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thereby explaining the formation of cristobalite as a
reactionproduct.
The experiments suggest that natural analogs
may exhibit the sequence talc --+ kerolite(?) --->
stevensite+ corrensite with increasingtemperature and reaction time. One place where such a
pattern might be found is in the ocean basins.Talc
and trioctahedral smectite have been identified as
alterationproducts of oceanic basalts (Seiver and
Kastner, 1967;Bass, 1976),and it is possiblethat
someof the magnesiumsmectitesin theserocks are
stevensite,as very careful chemicalanalysesmust
be used to distinguishstevensitefrom saponite.
Summary
The talc-water system is chemically simple, yet
reveals a surprisingly varied mineralogy in hydrothermal experiments. At 450'C and below, the
parageneticsequenceis: gel -+ talc -+ kerolite(?) --->
stevensite-+ mixed layer stevensite/chloritewith
increasingrun time and temperature. At 500" C and
above,only talc crystallizesand persists.
Acknowledgments
This research was supported by the Earth SciencesSection,
National ScienceFoundation, NSF Grant EAR 76-13368to DDE
at the University of Illinois at Urbana/Champaign.The U.S.
GeologicalSurvey provided clerical and editorial support during
the preparationof the manuscript.

References
April, R. H. (19E0)Regularly interstratified chlorite/vermiculite
in contact metamorphosedred beds, Newark Group, Connecticut Valley. Clays and Clay Minerals, 28, l-ll.
Bailey, S. W. (1975) Chlorite. In J. E. Gieseking, Ed., Soil
Components, Inorganic Components, p. 19l-263. SpringerVerlag, New York.
Bass,N. M. (1976)Secondarymineralsin oceanicbasalt,with
specialreferenceto Leg 34, Deep SeaDrilling Project. In S. R.
Hart, R. S. Yeats, Eds., Initial Reports of the Deep Sea
Drilling Project, v. 34, p. 393-432.Washingron(U. S. Government Printing Office).
Bish, D. L. and Giese,R. F., Jr. (1981)Interlayerbondingin IIb
chlorite. American Mineralogist, 66, 1216-1220.
Blatter, C. L., Roberson,H. E. and Thompson, G. R. (1973)
Regularlyinterstratified chlorite-dioctahedralsmectitein dikeintrudedshales,Montana. Clays and Clay Minerals, 21,20j-

2r2.
Bodine, M. W., Jr. (1978)Clay-mineralassemblages
from drill
core of Ochoan evaporites, Eddy County, New Mexico. New
Mexico Bureau of Mines and Mineral ResourcesCircular 159,
2t-31.
Bowen, N. L. and Tuttle, O. F. (1949)The systemMgO-SiOrH2O. Geological Society of America Bulletin, 60, 4j9-460.
Bradley,W. H. and Fahey,J. J . (1962)Occurrenceof stevensite
in the Green River Formation of Wyoming. American Mineralogist, 47, 996-998.

Bricker, O. P., Nesbitt, H. W. and Gunter, W. D. (1973)The
stabilityof talc. American Mineralogist,58,64-12.
Brindley, G. W. (1955)Stevensite,a montmorillonite-typemineral showing mixed-layer characteristics. American Mineralogist,40, 239-247.
Brindley,G. W., Bish, D. L. and Wan, H. M. (1977)The nature
of kerolite, its relation to talc and stevensite.Mineralogical
Magazine,41,443-452.
Cailldre,S., H6nin, S. and Estdoule,J. (1963)Nouvelles6tudes
sur la synthEsedes min6raux argileux d partir de gels. Clay
MineralsBulletin. 5. 272-278.
DeRudder,R. D. and S. W. Beck (1963)Stevensiteand talchydrothermalalteration products of wollastonite. Proceedings
of the llth (1962)National Conferenceon Clays and Clay
Minerals, 188-199.
Dreizler, L (1962) Mineralogische Untersuchungen an zwei
Gipsvorkommen der Werraserie (Zechstein). Beitriige zur
Mineralogieund Petrographie,8, 323-338.
Earley, J. W., Brindley, G. W., McVeagh, W. J. and Vanden
Heuval, R. C. (1956)A regularly interstratified montmorillonite-chlorite. American Mineralogist, 4l, 258-267.
Earley, J. W. and Milne, I. R. (1956) Regularly interstratified
montmorillonite-chlorite in basalt. Proceedings of the 4th
(1955)NationalConferenceon Clays and Clay Minerals,381384.
Faust,G. T., Hathaway,J. C. and Millot, G. (1959)A re-study
of stevensiteand allied minerals. American Mineralogist, 44,
342-370.
Faust,G. T. and Murata, K. J. (1953)Stevensiteredefinedas a
memberof the montmorillonite group. American Mineralogist,
38,973-987.
Fournier,R. O. (1961)Regularinterlayeredchlorite-vermiculite
in evaporitesof the Salado Formation, New Mexico. U.S.
GeologicalSurvey ProfessionalPaper 424 D, 323-327.
Greenwood,H. J. (1963)The synthesisand stabilityofanthophyllite. Jourrpl of Petrology,4, 317.
Grim, R. E., Droste, J. B. and Bradley, W. F. (1960)A mixedlayer clay mineral associated with an evaporite. Clays and
Clay Minerals, 8, 228-236.
Hamilton, D. L. and Henderson,C. M. B. (1968)The preparation of silicate compositions by a gelling method. Mineralogical Magazine,36, 832-838.
Hemley, J. J., Montoya, J. W., Christ, C. L. and Hostetler,
P. B. (1977a)Mineral equilibria in the MgO-SiO2-H2O system: I. Talc-+hrysotile-forsterite-brucite stability relations.
AmericanJournalof Science.277.322-335.
Hemley,J. J., Montoya,J. W., Shaw,D. R. and Luce, R. W.
(1977b)Mineral equilibria in the MgO-SiO2-H2O system: II.
Talc-antigorite-forsterite-anthophyllite-enstatite stability relations and some geologic implications in the system. American Journalof Science,277,353-383.
Imai, M., Otsuka,R., Makamura,T. and Tsunashima,A. (1970)
Stevensitefrom the Akatani mine, Niigata Prefecture, NortheasternJapan. Clay Science, 4, ll-29.
Johannes,W. (1969)An experimentalinvestigationof the system
MgO-SiO2-H2O-CO2. American Journal of Science, 267,
1083-l104.
Khoury, H. N. (1978)Mineralogy and chemistry of some unusual clay deposits in the Amargosa Desert, Southern Nevada.
Ph.D. Thesis,University of lllinois, Urbana.
Kitahara,S., Takenouchi,S. and Kennedy, G. C. (1966)Phase
relations in the system MgO-SiOrHzO at high temperatures
and pressures.American Journalof Science,2U,223-233.

WHITNEY AND EBERL: TALC.WATER EXPERIMENTAL SYSTEM
Klug, H. P. and Alexander, L. E. (1974)X-ray difraction procedures.John Wiley and Sons,New York.
Kopp, O. C. and Fallis, S. M. (1974)Corrensitein the Wellington Formation, Lyons, Kansas. American Mineralogist,59,
623-624.
Ktibler, B. (1973)La corrensite,indicateurpossiblede milieux
de s6dimentationet du degr€de transformationd'un s6diment.
Bulletin du Centrede Recherchede Pau. 7. 543-556.
Langbein,R. (1961)Zur Petrographiedes Hauptanhydrits(23) in
Sudharz.Chemieder Erde. 21. 248-267.
Leeds, A. R. (1873) Contributions to mineralogy. American
Joumalof Science.6.22-26.
Lippmann,F. (1956)Clay mineralsfrom the Rot Member of the
Triassic near Gcittingen, Germany. Journal of Sedimentary
Petrofogy, 26, 125-139.
Millot, G. and Palausi,G. (1959)Sur un talc d' origines€dimentaire. Soci6t6 G€ologique de France, Compte Rendu Sommaireet Bulletin. 45-46.
Pistorious, C. W. F. T. (1963) Some phase relations in the
systemMgG-SiOrH2O to high pressuresand temperatures.
NeuesJahrbuchfi.ir Mineralogie,Monatshefte.Stuttgart, ll,
283-292.
Raymond,L. R. (1962)The petrolcigyof the lower magnesium
limestone of north-east Yorkshire and Southeast Durham.
Quarterly Journal of the Geological Society of London, l18,
39-U.
Reynolds,R. C. and Hower, J. (1970)The natureofinterlayering
in mixed-layer illite-montmorillonites. Clays and Clay Minera l s .1 8 . 2 5 - 3 6 .
Roy, D. M. and Roy, R. (1955) Synthesis and stability of
minerals in the system MgO-Al2O3-SiOrH2O. American
Mineralogist, 40, 147-178.

949

Schreyer,W. and Seifert,F. (1969)Compatibilityrelationsof the
aluminum silicatesin the systemsMgG-AlzO:-SiO2-H2O and
KzO-MgO-AlzOr-SiO2-H2O at high pressures. American
Journalof Science.267.371-388.
Siever,R. A. and Kastner, M. (1967)Mineralogyand petrology
of some Mid-Atlantic Ridge sediments. Journal of Marine
Research,25,263-278.
Strese,H. and Hofmann,A. (1941)Synthesevon Magnesiumsili
katgelen mit zweidimensionalregelmassiger
strucktur. Zeitschriftfiir Anorgahischeund AllgemeineChemie,24'1, 65-95.
Strese,H. and Hofmann,A. (1941)Synthesevon Magnesiumsilikatgelenmit zweidimensionalregelmassiger
strucktur. Zeitschrift filr Anorganischeund Allgemeine Chemie, 247, 65-95.
Tettenhorst,R. and Moore, G. E., Jr. (1978)Stevensiteoolites
from the Green River Formation of central Utah. Journal of
SedimentaryPetrology, 48, 587-594.
Velde, Bruce (1973)Phaseequilibriain the systemMgO-Al2O3SiO2-H2O: chlorites and associated minerals. Mineralogical
Magazine,39,297-312.
Wyart, J. and Sabatier,G. (1966)Synthdsehydrothermalede la
corrensite. Centre National de la Recherche Scientifique
Groupe Francaisdes Argiles, Bulletin, 18, (N. Ser. No. l3),
33-40.
Yoder, H. S. (1952)The MgO-AlzO3-SiO2-H2O
systemand the
related metamorphic facies. American Journal of Science,
Bowen Volume, 569-627.

Manuscript received,April 16, l98l;
acceptedforpublication,May 4, 1982.

